Two 11-fold redundant bacterial artificial chromosome (BAC) libraries have been constructed to support the rat genome project. The first library was constructed using a male Brown Norway (BN/SsNHsd) rat as a DNA source long before plans for rat genome sequencing had been launched. The second library was prepared from a highly inbred female (BN/SsNHsd/MCW) rat in support of the rat genome sequencing project. The use of an inbred rat strain is essential to avoid problems with genome assembly resulting from the difficulty of distinguishing haplotype variation from variation among duplicons. We have demonstrated the suitability of the library by using a detailed quality assessment of large insert sizes, narrow size distribution, consistent redundancy for many markers, and long-range continuity of BAC contig maps. The widespread use of the two libraries as an integral part of the rat genome project has led to the database annotations for many clones, providing rat researchers with a rich resource of BAC clones that can be screened in silico for genes of interest.
Arrayed large-insert bacterial artificial chromosome (BAC) libraries play a critical role in the assembly of maps and sequence for complex genomes. Once the clones have been annotated, they become valuable as a resource for the research community. The laboratory rat (Rattus norvegicus) has been used as a model organism for a variety of biomedical studies in the areas of cardiovascular, metabolic, pharmacologic, toxicologic, and psychological research (Jacob and Kwitek 2001) . A large number of quantitative trait loci (QTL) related to complex genetic diseases have been mapped to rat chromosomal regions through genetic studies (Dukhanina et al. 1997; Garrett et al. 1998) . BAC clones from strain-specific libraries can be used to confirm the position of QTLs and may eventually be applied in BAC transgenic (Takahashi et al. 2000) or tissue culture experiments to recapitulate phenotypes. In support of initial rat genome mapping plans, several P1-derived artificial chromosome (PAC) and BAC libraries were created from commercially available Brown Norway (BN/ssNHsd) rats . The common Brown Norway strain was initially chosen because of its widespread use and availability. An additional BAC library from a highly inbred female Brown Norway rat was prepared after the rat genome sequencing project was launched in August 2000. Closely related rats from the same inbred source have been used to create the BAC library and, elsewhere, to create small insert libraries for whole-genome shotgun sequencing (WGS; Venter et al. 2001; Waterston et al. 2002) . The goal was to sequence the rat genome using a hybrid strategy to generate a draft sequence of a rat genome based on the use of mapped BACs for low-coverage clone-by-clone sequencing (Lander et al. 2001) , complemented by WGS and pooled-BAC sequence reads (Rat Genome Sequencing Consortium 2004) . The characterization of these BAC libraries is described here, together with information on how to access the BACs and BAC-related information.
RESULTS

Modified BAC Vectors
The goals were to construct a BAC library optimal for the rat genome mapping and sequencing, while also offering options for later applications. We previously reported the use of pTARBAC1 vector to clone large DNA molecules in Escherichia coli, with downstream options to reisolate related haplotypic or syngenic sequences . Such sequences can be isolated from high-molecular weight genomic DNA through gap-repair of deleted linearized BAC clones. This process is implemented by cotransforming specific deleted BACs and genomic DNA into yeast spheroplasts ) and has been labeled Transformation-Associated Recombination, or TAR (Larionov et al. 1996) . To facilitate library construction and conceivable specific recloning projects, two modified versions of the pTARBAC vector were prepared. One vector (pTARBAC1.3; Fig. 1 ) was modified to remove a specific ApaLI site (as described in Methods), and this vector is used for cloning DNA fragments generated by partial MboI digestion between the two BamHI sites. Cloned genomic fragments replace a 2.7-kb stuffer fragment released by BamHI digestion. The pTARBAC2.1 vector was constructed by replacing the two small BamHI-EcoRI fragments in the pTARBAC1.3 vector with synthetic adapters, resulting in elimination of the two BamHI sites. BAC clones are generated by cloning partial EcoRI-genomic fragments in the pTARBAC2.1 vector. Most of the genomic DNA in specific BACs can be deleted following BamHI digestion, resulting in relative small-insert terminal fragments attached to the linear BAC vector that are compatible with gap-repair applications.
Construction of BAC Libraries
To support the initial stage of rat genome mapping, a BAC library was constructed using EcoRI-partially digested DNA obtained from a male Brown Norway (BN/SsNHsd) rat in the pBACe3.6 vector . The library was designated as RPCI-32 and is composed of approximately 230,000 clones arrayed in 624 384-well microtiter dishes. The library was divided into two segments (plates 1-288 for segment 1 and plates 289-624 for segment 2) for logistical reasons (Table 1) . To support whole rat genome sequencing, a new BAC library (CHORI-230) was constructed from a highly inbred female rat (BN/SsNHsd/MCW). A female rat was selected to obtain the diploid representation of the X-chromosome in the library. To minimize conceivable cloning bias caused by nonuniform distribution of restriction sites for a particular enzyme, the new BAC library was prepared using different restriction enzymes for the two library segments. The first The "Recombinant clones" column represents total wells after empty wells and noninsert clones were subtracted in each segment. The library redundancy was estimated using 3000 Mb as the genome size. were eliminated from the pTARBAC1 vector to create the pTARBAC1.3 vector. The pTARBAC2.1 vector was generated from pTARBAC1.3 by replacing the two BamHI-EcoRI fragments with synthetic adapters to regenerate the EcoRI sites while eliminating the BamHI sites.
segment of the library resulted from EcoRI-partially digested DNA, whereas the second segment was created from MboIpartially digested DNA, and a sufficient number of clones were arrayed for at least fivefold redundancy per segment (Table 1) .
Average Insert Sizes and BAC End Sequences
To be compatible with rat genome sequencing, the most recent BAC libraries should have large inserts (near 200 kb average), a narrow insert size distribution, and a low percentage of noninsert clones. To assess the suitability of the library, we determined average insert sizes, insert size distribution, and the percentage of noninsert clones for each library segment, as summarized in Table 1 . Using pulsed-field gel electrophoresis, the average insert sizes were determined to be 147, 153, 214, and 168 kb, with a standard deviation of 35, 29, 27, and 53 kb for RPCI-32 segments 1 and 2 and CHORI-230 segments 1 and 2, respectively (Table 1) .
We have attempted to construct the CHORI-230 library with inserts as large as feasible to maximize fingerprint information and minimize the number of required clone-derived shotgun libraries. The percentage of noninsert clones, compared with clones containing an insert, was estimated to be 1.0%, 1.2%, 1.1%, and 6.8% for the RPCI-32 and CHORI-230 library segments, respectively (Table 1 ). The low percentages of noninsert clones economize the BAC fingerprinting and clone-by-clone sequencing approaches. Insert size distributions for each library segment are provided in Figure 2 , as determined by pulsed-field electrophoresis. To verify the accuracy of the average insert size and the standard deviation of the CHORI-230 library, 30,110 BACs from segment 1 and 50,317 BACs from segment 2 were mapped onto the June 19, 2003, assembly of the rat genome using unique BAC end sequences (S. Zhao, unpubl.; http://genome.ucsc.edu/ and http://www.hgsc.bcm.tmc.edu/projects/rat/). The average sequence matches were 580 and 679 bp, with 98.7% and 99% identity, for segment 1 and segment 2, respectively. The average insert sizes determined from paired BAC-end mapping were 229 and 174 kb, with standard deviations of 35 and 45 kb for CHORI-230 segments 1 and 2, respectively. The average insert sizes obtained from BAC-end mapping were compatible with the sizes independently obtained from pulsed-field gel electrophoresis analysis. The insert sizes estimated through pulsed-field electrophoresis were within 7% of the more accurate size determinations derived through mapping of the paired-BAC-end sequences, revealing a unique opportunity to calibrate the accuracy of the empirically determined insert sizes. Although approximately 80,000 BACs ended up with consistent map assignments, another 3872 clones experienced unrelated chromosome locations for the paired BAC-ends. A majority of 2701 inconsistently mapped BACs were based on BAC-end sequences mapping to the same chromosome, either in the wrong orientation (2108 BACs) or at a distance incompatible with BAC cloning capacity (>400 kb; 593 BACs). The very preferential colocalization of ends to the same chromosomes indicates that the inconsistent end sequences were in most cases not derived from cloning artifacts. Chimeric clones would most likely have ends completely ran- domly distributed through the rat genome. One thousand one hundred seventy-one BACs have ends mapping to unrelated chromosomes, representing about 1.2% of the BACs with two uniquely mapped end sequences. This places an upper limit on possible chimeric clones of around 1.2%, whereas the real number of chimeric clones is likely much lower. The strong bias of inconsistently mapped BACs for both termini to map to a shared chromosome indicates sequence assembly errors to be the most likely reason. The low chimerism rate indicated by this analysis facilitates the use of mapped BAC-ends to evaluate possible sequence assembly errors. In addition, it is conceivable that the BAC-ends have incorrectly been mapped by BLAST as a result of the presence of nonmasked low-level repetitive sequences at the BAC-ends. On the basis of the number of clones and the average insert sizes, it is estimated that RPCI-32 segments 1 and 2 and CHORI-230 segments 1 and 2 provide 5.2-, 6.2-, 6.4-, and 5.5-fold redundancies, respectively (Table 1 ). These estimates are based on the assumed rat haploid genome size of 3000 Mb.
Redundancies
To evaluate genomic representation and possible cloning bias, the RPCI-32 and CHORI-230 libraries were screened using a mixture of 22 overlapping oligonucleotide (overgo) probes designed from DNA sequences conserved between human and other organisms. All positive clones were subjected to secondary hybridization screening with individual probes to determine the probeclone correlation. In addition, all positive clones were analyzed by DNA fingerprinting. A priori positive clones identified by a unique probe should be assembled into a single contig. It is also feasible to eliminate false-positive clones or to recover falsenegative clones by combining hybridization and fingerprinting analysis. Using fingerprinting, 4.7% (27 out of 573) of hybridization positive clones were eliminated as false positive, whereas 4.5% (28 out of 619) of clones were recovered as positive. Nineteen of the 22 probes were unique, permitting the assembling of single contigs using the fingerprinting approach, whereas three probes provided multiple (two to four) contigs. The average numbers of confirmed clones per contig via hybridization and fingerprinting were estimated to be 3.5 (RPCI-32 segment 1), 5.4 (RPCI-32 segment 2), 6.6 (CHORI-230 segment 1), and 5.0 (RPCI-230 segment 2), respectively. Standard deviations from the average number of positive clones were 2.8 (RPCI-32 segment 1), 2.8 (RPCI-32 segment 2), 3.3 (CHORI-230 segment 1), and 2.6 (RPCI-230 segment 2), respectively.
Quality Assessment Using Physical Maps
Contiguous overlapping clone maps play an essential role for genome sequencing and gene identification. Contigs were built using the CHORI-230 library at two end-stage renal-failure QTLs (Rf-1: 20.7 Mb, and Rf-4: 20.6 Mb; Brown et al. 1996; Shiozawa et al. 2000) , through a combination of overgo hybridizations and in silico mapping of markers as the DNA sequence of BAC clones became available. The modal number of BACs identified from hybridizing 480 probes to segment 1 was six, consistent with the expectation based on the estimated redundancy of this library. Only 44 out of 500 overgo probes failed to give a positive hit to the library. Most of these (34) were later found in the BAC sequence, indicating that experimental failure was responsible for these probes not identifying BACs in the hybridizations. The sequence of over half of the failed probes had low G+C content (∼35%), the likely cause of the failed hybridization. At most, five gaps remain in the ∼41Mb of the physical maps combined in these two QTLs, all of which are less than 125 kb, confirming the even representation of the rat genome in the CHORI-230 library.
DISCUSSION
A 10-fold redundant PAC library was constructed to assist in the early stage of the rat genome project . BAC and PAC clones have both been shown to have, in general, excellent clonal integrity and good stability through extensive characterization of rat, mouse, and human libraries Osoegawa et al. 2000 Osoegawa et al. , 2001 . BAC vectors became preferable for construction of genomic libraries mostly as a result of their smaller vector size (about 8 kb versus about 15 kb) because of the resulting favorable effect on the economy of clone-by-clone shotgun sequencing. A further reason for the use of the BAC libraries was that the earlier rat PAC library (RPCI-31) was prepared using DNA from multiple individuals from a less inbred stock and had relatively small insert sizes (∼140 kb; Woon et al. 1998) . The first BAC library was constructed using EcoRI-partially digested DNA obtained from a single male Brown Norway (BN/SsNHsd) rat in the pBACe3.6 vector ). Genotyping of rats from a similar stock (BN/SsNHsd) from Harlan Sprague Dawley, using 4328 microsatellite markers, at Medical College of Wisconsin resulted in the discovery that six loci were heterozygous (Steen et al. 1999) . As a consequence, when the rat genome project was started, it became desirable to construct a BAC library and small-insert sequencing libraries from a more inbred strain (Rat Genome Sequencing Consortium 2004). Improvements in the resolution of the DNA fingerprinting technology permits analysis of BACs with larger (>200 kb) insert fragments, permitting improved contig assembly (Fuhrmann et al. 2003) . To facilitate the fingerprint applications and reduce the number of required BAC shotgun libraries, the newest BAC library was prepared with inserts larger than 200 kb by use of improved procedures for sizing of genomic fragments ) and more experienced cloning skills. The average insert sizes for the various library segments have been determined using pulsed-field gel electrophoresis, and the results were compatible with sizes later determined by mapping BAC-end sequences to the assembled rat genome. Narrow-insert size distribution permits better scaffolding for assembly of whole-genome shotgun sequence data because of easier distance prediction between paired end sequences. The standard deviations for the EcoRI libraries, RPCI-32 and CHORI-230 segment 1, were about 30 kb, somewhat narrower than for CHORI-230 segment 2, cloned from MboI-partially digested rat DNA (∼50 kb). The RPCI-31 PAC ) and RPCI-32 BAC libraries have been extensively used elsewhere to construct a framework for mapping genes and genetic markers to the rat genome. As of November 19, 2003, 5803 randomly selected BAC and PAC clones derived from the RPCI-32 and RPCI-31 libraries have been integrated with the rat RH map and the YAC map (Krzywinski et al. 2004 ; http://www.molgen.mpg.de/∼ratgenome/). The CHORI-230 library has been used as the central resource for mapping and sequencing of the rat genome. The BAC library has been almost entirely (∼190,000 clones) fingerprinted and end-sequenced at the Genome Sciences Centre, Vancouver, British Columbia, and at the Institute for Genomic Research, respectively. The information on fingerprint and end-sequence data for each BAC has been deposited in publicly available databases (http://www.bcgsc.ca/ lab/mapping/rat; http://www.tigr.org/tdb/bac_ends/rat/ bac_end_intro.html). A subset of 5250 BAC and PAC clones anchored to YAC contigs has also been fingerprinted to allow integration with the BAC physical contig map derived from the CHORI-230 library, and 2165 BAC/PAC clones from this subset were end-sequenced to anchor the clones onto the assembled rat genomic sequence (Krzywinski et al. 2004 
METHODS
Construction and Preparation of BAC Vectors
The pTARBAC1 vector has been derived from the pBACe3.6 vector by inserting yeast elements (CEN6 and His3; Zeng et al. 2001) . Three restriction enzyme sites ‫ן1(‬ ApaLI and ‫ן2‬ BstXI) were removed from the pTARBAC1 vector by three consecutive crossover polymerase chain reaction (PCR)/cloning procedures. For each of the three restriction sites targeted for removal, a pair of overlapping synthetic "mutant" primers was designed. These primers were used in separate PCR reactions with different distant flanking primers to create PCR products overlapping by about 20 bp. After removal of the primers, a new PCR reaction was assembled using the mixture of two overlapping fragments with the flanking primers. The resulting hybrid PCR fragment was then digested with restriction sites unique in the vector. The mutant restriction fragment was then used to replace the wildtype fragment. The following primers were used: primer 1 (P1): GGTAGTATTTGTTGGCGATC; primer 2 (P2): GAAAGTGCCT CATCCAAAG; primer 3 (P3): TTTGGATGAGGCACTTTCTA GAGCGGTGGTAGATCTT; primer 4 (P4): TTTTGCGCACGGT TATGTGG; primer 5 (P5): CGACAGCGACACACTTGC; primer 6 (P6): GGCGTTTACAAAACCTCAG; primer 7 (P7): CTGAGGTTTT GTAAACGCCGCCTTTATGGGCAGCA; primer 8 (P8): TTTA CAGCCAGTAGTGCTCG; primer 9: (P9): TCTCAGTACAATCT GCTCTG; and primer 10 (P10): CAGAGCAGATTGTACTGA GAATGCACCATAATTCCCG. For instance, to remove the BstXI site at position 9327, P6 was initially used in combination with P5 to create a 2577-bp PCR product. The mutant BstXI oligonucletide (P7) was used for PCR with the flanking primer P8 to create a 2139-bp product. The subsequent hybrid PCR product (4698 bp) was generated using the P5/P8 combination, and thus the PCR fragment was digested with XhoI (near the P8 primer) and HpaI (near P5). The original HpaI/XhoI fragment was removed from the vector by replacement with the BstXI-mutant fragment. The second BstXI site (at 5884) and the ApaLI site (at 5164) were removed using the mutant primers P3 and P10, respectively. For the BstXI removal, two initial PCR reactions were assembled with P1/P2 and P3/P4 primers to generate 1113-and 976-bp products, respectively. For the ApaLI removal, the initial PCR reactions included PCR primer pairs P1/P9 and P10/P4 to create 400-and 1691-bp products. Hybrid PCR products were created for both sites using the same flanking PCR primers (P1/ P4), and the 2072-bp mutant hybrid fragments were cloned to replace the original HpaI/PmlI fragment. 
Rat Strain and DNA Isolation
Detailed procedures for preparation of high-molecular weight DNA have been described . The RPCI-32 library was prepared from the spleen of a male Brown Norway (BN/SsNHsd) rat (Harlan Sprague Dawley). The CHORI-230 library was derived from the brain and liver of a 3-month-old female Brown Norway rat (BN/SsNHsd/MCW). Extensive inbreeding of the Brown Norway (BN/SsNHsd) rat was performed at the Medical College of Wisconsin. The rat used for construction of the CHORI-230 library belonged to the fourteenth generation after the start of local inbreeding. The BAC library was derived from the daughter of the female rat (thirteenth generation) used for WGS at Baylor College of Medicine. The animal used for WGS at Celera Genomics was a male from the tenth generation of inbreeding, but the closest common ancestor was a female of the fourth generation.
Construction of BAC Libraries
Agarose-embedded high-molecular-weight DNA was partially digested with a combination of EcoRI and EcoRI Methylase for RPCI-32 and CHORI-230 segment 1, and with MboI for CHORI-230 segment 2. The partially digested DNA was separated with a CHEF apparatus (BioRad) using the improved method . The size-fractionated DNA was eluted and ligated to the EcoRI sites of the pBACe3.6 for RPCI-32, pTARBAC2.1 for CHORI-230 segment 1 vector, or to the BamHI sites of the pTARAC1.3 vector for CHORI-230 segment 2 (Table  1) . The ligation products were transformed into E. coli DH10B cells (Invitrogen) for RPCI-32 and CHORI-230 segment 1 and E. coli DH10B T1-phage resistant cells (Invitrogen) for CHORI-230 segment 2.
Insert Size Analysis
One hundred sixty clones from each segment of the RPCI-32 library, 192 from the CHORI-230 segment 1, and 384 from the CHORI-230 segment 2 were randomly size analyzed after digestion with NotI (New England Biolabs), as described ).
Hybridization and Fingerprinting
Detailed procedures for hybridization with overgos and BAC DNA fingerprinting have been described (McPherson et al. 2001; Marra et al. 1997; Osoegawa et al. 2000) . Twenty-two overgo probes of 40 bp each were designed as described (McPherson et al. 2001) for aligned conserved sequences from the HomoloGene database (Zhang et al. 2000 ; http://www.ncbi.nlm.nih.gov/ HomoloGene/). The probes were hybridized to high-density colony filters, and the digitized hybridization images were analyzed with ArrayVision Ver6.0 (Imaging Research, Inc.). Positive clones were rearrayed into 384-well dishes and then used to prepare small colony filters for hybridization with individual probes. All candidate positive BACs were fingerprinted in parallel using HindIII, on agarose gels, stained with SYBR green, and scanned with a Fluorimager 595 (Amersham). The gel images were analyzed with Image software 1.3, and contigs were assembled using FPC software with conditions tolerance: 4, and cutoff: 1e-11. Individual probe screening results were compared with fingerprinting results. In addition, 500 overgo probes from the chromosomal regions for two renal-failure QTLs (Rf-1 and Rf-4; Brown et al., 1996; Shiozawa et al., 2000) were designed from genes, expressed sequence tags, genetic markers, and human-mouse conserved noncoding sequences as part of a large physical mapping and positional cloning project in Milwaukee. Probes were designed, labeled, and hybridized as described above, but only to the CHORI-230 segment 1 (480 probes) and segment 2 (20 probes), and using Church's hybridization solution I. Filters were washed ‫ן3‬ at 61°C with ‫ן1‬ SSC, and 0.1% SDS, and were exposed to autoradiograph film overnight. Film was scored manually using the overlay grid supplied with the filters.
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